Introduction

T
here are different treatment methods such as surgery, chemotherapy and radiation therapy for the treatment of cancer. Radiotherapy consists of two main methods including external beam radiation therapy and internal radiation therapy (brachytherapy). Brachytherapy is a method of cancer therapy in which radioactive sources are placed adjacent to the malignant tumors to irradiate them. The tumor can be locally irradiated with a high dose level by this method. In the past, 226 Ra has mainly been used for this purpose. This treatment plays an important role in cancer treatment in different body organs including brain, head
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and neck, prostate, cervix, etc. [1] .
Brachytherapy involves two main different treatments: intracavitary and interstitial. In intracavitary, brachytherapy sources are inserted inside the body adjacent to the tumor via body's natural cavities, and irradiate the tumor. In interstitial brachytherapy, radioactive seeds are implanted directly inside the tumor volume. High levels of radiation dose can be delivered with this treatment method and the existing rapid dose fall-off reduces the dose to the healthy tissues around the tumor [2] [3] [4] . Brachytherapy sources are widely used for the treatment of malignancies nowadays. Therefore, providing an accurate method to obtain dose distribution around brachytherapy source is of clinical importance.
The report by Task Group No. 43 (TG-43) of American Association of Physicists in Medicine has been known as the most common formalism for obtaining dose distribution around brachytherapy sources and the presented formalism is used in many treatment planning systems (TPSs). According to the report, dose distribution around brachytherapy sources is calculated using a variety of factors which are obtained through measurement or Monte Carlo simulation methods in a uniform phantom [4, 5] . Based on the recommendations by this report, dosimetry parameters of brachytherapy sources should be determined by two independent researchers for the purpose of clinical use. Various studies have been conducted for the calculation of dosimetry parameters of different models of brachytherapy sources [6] [7] [8] . 60 Co with length of 5.3 mm and diameter of 5.0 mm. The core is placed inside a cylindrical capsule with 7.0 mm inner diameter and 1 mm outer diameter. The length of the cable is equal to 5 mm in this source model [9] . Figure 1 (part (b)) shows the schematic diagram of 6520-67 137 Cs source. The active part of the source is 14.8 mm in length and 1.52 mm in diameter. The radioactive 137 Cs is uniformly distributed in the core of the source in the form of cesium oxide ceramic. The density of the active material is 1.47 g/cm 3 . The core is located inside a capsule made of stainless steel. The density of the stainless steel is equal to 7.9 g/cm 3 [10] . A schematic view of the BEBIG 192 Ir source is shown in Figure 1 (part (c)).
192
Ir source is composed of a cylindrically active core with active length of 3.5 mm and an diameter of 0.6 mm. The active core is covered by a 316L stainless steel capsule [6] .
Regarding OptiSeed 103 Pd source, the active part is composed of two active pellets, each in the form of a cylinder with 0.7 mm diameter and 0.4 mm length. The central part of the source is made of gold marker with 2 mm in length and 0.4 mm in diameter [11] . Figure 1 (part (d)) shows a schematic diagram of the OptiSeed 103 Pd source. The energy spectrum used in this study for the 60 Co source is 1.33 and 1.17 MeV, each energy with 0.5 probability. The energy spectra of 137 Cs, 192 Ir and 103 Pd sources are presented in Table 1 .
TG-43 Formalism
According to TG-43 report for brachytherapy sources, dose distribution can be described based on a polar coordinate system whose origin is located at the center of source. Based on this formalism, P(r, θ) is the point of interest and for this point r is the distance from the point from the origin and θ is the polar angle. P(r 0 , θ 0 ) is the reference point, with r 0 = 1 cm and θ 0 = π/2 as the reference coordination.
Dose rate at the point P(r, θ) in the water is obtained from the following equation:
where: r: is the distance of point P from the origin in terms of cm; θ: is the polar angle between the source longitudinal axis and the line which connects the point of interest to the source's center; S K : is air kerma strength (cGycm 2 h -1 (U)); Λ: is dose rate constant in water (cGyh 
Radial dose function is obtained from this formula:
According to the TG-43 formalism, anisotropy function for a brachytherapy source is obtained from the equation (4) as follows:
Monte Carlo Simulations 60
Co Source Simulations
To calculate the air kerma strength for 60 Co source, torus cells with 1 mm thickness were considered at a distance of 30 cm from the source. Inside the torus was defined air and the outside was defined as vacuum. An energy cutoff of 10 keV was used for both photons and electrons. The number of photon histories simulated was 5 × 10
6 to obtain air kerma rate and the F6 tally (MeV/g) was used to score air kerma. The statistical uncertainty for this simulation program was 0.63%. To calculate the air kerma strength, the F6 output was multiplied by a number of factors which are given in equation (5) .
S K per activity (cGycm × 100 (cGy/Gy) × 1 Bq × 1 (dis/s per Bq) × photon yield (photons/dis) × 3600 (s/h) (5) According to TG-43 formalism, to calculate the dose rate constant of the 60 Co source, a torus cell was defined at a distance of 1 cm from the source with a thickness of 0.1 mm. The medium inside the torus was defined as water. To create the conditions of full scattering, a water phantom with a radius of 100 cm was defined. *F8 tally was used in this program to calculate the energy deposition, and the energy deposition value was divided by the mass of the cell. The number of photon histories simulated was 6 × 10 6 . Pd radionuclides ty equals 2.2% in this simulation. According to equation (2) , to calculate dose rate constant parameter, the obtained dose value was divided to air kerma strength. According to the instructions by TG-43, the values of radial dose function for a source must be calculated on the transverse plane (θ 0 = π/2) in different radial distances from the source. For this purpose, tori with 0.1 mm thickness at distances of r ≤ 1 cm from the source, tori with 0.5 mm thickness at distances of 1 < r ≤ 5 cm, tori with 1 mm thickness at distances of 5 < r ≤ 10 cm and tori with thickness of 2 mm at distances of 10 < r ≤ 20 cm were defined. The thickness of these tori was defined according to the report by AAPM and ESTRO [12] . Water was defined inside the tori cells and to create the conditions of full scattering, a water sphere with 100 cm radius was defined around the source. Lin source approximation was used in the calculation of geometry function (G L (r, θ)). To score energy deposition inside tori cells *F8 tally was used. The number of photon histories simulated was 60 × 10 6 photons and the maximum type A uncertainty in the Monte Carlo calculation equals 2.2%. According to TG-43 formalism, the radial dose function of the brachytherapy source was obtained from equation (3) .
To calculate the anisotropy function for the 60 Co source, a water phantom with 100 cm radius was defined. Based on TG-43 report, anisotropy function values should be calculated at different distances and polar angles around a source. For this purpose, for 60 Co source, tori with 0.1 mm thickness at distances of r ≤ 1 cm from the source, tori with 0.5 mm thickness at distances of 1 < r ≤ 5 cm, tori with 1 mm thickness at distances of 5 < r ≤ 10 cm and tori with thickness of 2 mm at distances of 10 < r ≤ 20 cm were defined. The thicknesses of these torus cells were based on the recommendations by the report of AAPM and ESTRO. To calculate this parameter, angles were selected in the range of 0 to 180 degrees. For zero-degree angle, because it was not possible to define a torus with a radius of zero, spheres were used instead of torus. At these points (zero angle), due to lower volume of tally cells in the form of spheres, the statistical uncertainty of Monte Carlo calculations was higher. Since there was overlapping between the sphere and tori, some data points were missing. To avoid this phenomenon, a separate program was written and run for the zero-degree angle. The energy flux was scored in the spherical and torus tally cells using *F4 tally. In the calculation dose, mass energy absorption coefficient was utilized to convert the energy flux to absorbed dose. The number of photon histories simulated in each program was 3 × 10 6 and the maximum statistical uncertainties for the sphere and tori cells programs were equal to 4% and 2.3%, respectively.
Cs Source Simulations
To calculate TG-43 parameters of 137 Cs source, the calculation conditions such as voxel size, phantom size, etc. were similar to the calculation for 60 Co source. However, the statistical uncertainty in calculation of air kerma strength parameter was equal to 1.2%. Maximum Monte Carlo statistical type A uncertainty for calculation of radial dose function parameter was equal to 3.4% and for calculation of anisotropy function for all angles except 0 and 180 degrees was equal to 2.3%. The uncertainty for 0 and 180 degrees was equal to 4% and 7.3%, respectively. The Co0.A86 60 Co source geometry and energy spectrum were defined in the simulations.
Ir Source Simulations
To calculate TG-43 dosimetry parameters for 192 Ir source, the methods provided for the 60 Co source was used but with difference that energy cutoff of 5 keV was used for both photons and electrons. Pd source, tori with 0.1 mm thickness at 0.1--1 cm distances from the source, tori with 0.5 mm thickness at 1.5, 2, 3, 4 and 5 cm distances from the source were defined. Energy cutoff of 1 keV was used for both photons and electrons. The number of photon histories simulated was 3.0 × 10 8 in calculation of dose. Maximum Monte Carlo statistical uncertainty equals 2.3%.
To calculate the anisotropy function for the 103 Pd source tori with 0.1 mm thickness for r ≤ 1 cm distances from the source, tori with 0.5 mm for 1 < r ≤ 5 cm distances, and tori with 1 mm thickness for 5 < r ≤ 10 cm distances from the source were considered. Due to the symmetrical shape of the source, only angles in the range of 0 to 90 degrees were selected. Energy cutoff of 1 keV was used for both photons and electrons. The number of photon histories simulated was 3.0 × 10 8 . Maximum Monte Carlo statistical uncertainty for anisotropy function calculation for all angles except 0 degree was equal to 2.1%. This uncertainty for 0 degree was equal to 6.5%.
Results
The results of air kerma strength for the Co0. Pd sources in the study are listed in Table 2 . The value of this parameter from another study for Co0.A86 60 Co source is also included in Table 2 . The results of dose rate constant for the four sources in this study and from other studies, as well as the percentage differences between these two data sets are provided in Table 3 .
In Table 4 the values obtained for radial dose function in this study and other studies and the percentage differences between the two datasets are presented. The radial dose function values for the 60 Co source in this study were compared to the study by Granero, et al. study, and the maximum percentage difference is 6.45%, which is related to the distance of 0.25 cm. The mean absolute difference between these two studies is 3.06%. The radial dose function values for the 137 Cs source in this study were compared to the reported values by Meigooni, et al. The maximum percentage difference between the two studies is 5.74%, which is related to the distance of 7 cm. The mean absolute difference between these two studies is 2.67%. The radial dose function values for the 192 Ir source in this study were compared to those reported by Granero, et mum percentage difference is 3.59%, and this value is related to the distance of 0.75 cm. The mean absolute difference between these two studies is 1.55%. The radial dose function values for the 103 Pd source obtained in this study were compared to the study by Bernard and Vynckier and the maximum percentage difference is -10.39%, at distance of 0.5 cm. The mean absolute difference between these two studies is 3.49%.
Anisotropy function values for the 60 Co, Figure 2 (part (c)). The maximum percentage difference between these two studies is 8.38% and the mean absolute percentage difference is 0.80%.
In Figure 3 , anisotropy function values at different distances for the 137 Cs source in this study and by Meigooni, et al. are presented in parts (a) and (b), respectively. The percentage differences between the anisotropy function values of the two studies are shown in Figure  3 (parts (c) ). The maximum percentage difference is 12.02% and the mean absolute percentage difference between these two studies is 0.85%.
In Figure 4 anisotropy function values at different distances for the 192 Ir source in this study and by Granero, et al. differences between the anisotropy function values of the two studies are shown in Figure  4 (parts (c)). The maximum and mean absolute percentage differences between the datasets from these two studies are 13.04% and 0.75%, respectively. In Figure 5 , anisotropy function values at different distances for the 103 Pd source in this study and by Bernard and Vynckier are presented in parts (a) and (b), respectively. The percentage difference between the anisotropy function values of the two studies are shown in Figure 5 (parts (c) ). The maximum and mean absolute percentage differences between the datasets from these two studies are 11.72% and 2.40%, respectively.
Discussion
In the present study, TG-43 dosimetric parameters for Co0. Pd sources in this study are compared with other studies. One of the reasons for the high percentage difference for 103 Pd source is its low-energy that causes fast fall-off of dose with distance around the source. As a result, dose decreases rapidly with distance from the source, and to calculate the percentage difference at far distances from the source, the denominator becomes small, then the percent difference becomes larger. In other words, lower dose in far distances from the source increases the percentage difference in these areas. In addition, there may be minor differences in simulation programs in various studies such as differences in cross-section library, size of the phantom, the energy spectrum and voxel size. For low energy sources, these differences result in large differences among the results of various studies. Similar levels of differences have been reported in other studies for low energy sources.
According to Figures 2, 3, 4 and 5 show anisotropy function values for the four sources, in most of the data points the percentage differences between the two studies are less than 1%. These low levels of differences indicate good agreement between the anisotropy function data obtained in the present study and those reported by Granero, et al., Meigooni, et al., and Granero, et al. For the 103 Pd source the percentage differences are higher, but there are other studies in which the same difference values were observed for 103 Pd radionuclide as a brachytherapy source [13] . The comparisons also show a relatively good agreement between the anisotropy function from this study and those by Bernard and Vynckier for the OptiSeed 103 Pd source. The results of the anisotropy function in this study reveal a good agreement with other studies in most of the polar angles. However, higher percentage differences are observed in the low and high angles. Since the particles pass via larger distances inside the source and capsule at these angles than other angles, they are absorbed in a higher extent at low and high angles. Therefore, at these angles, few particles reach the scoring voxels and this results in higher statistical uncertainty in the simulations at these angles. To reduce the statistical uncertainty, simulation program should be run for more particle histories. To achieve this aim, there is a need for access to computers with higher data processing capabilities.
Conclusion
The results for dosimetry parameters of dose rate constant, radial dose function and anisotropy function for the 60 
